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The  resection  of  5′-DNA  ends  at a double-strand  break  (DSB)  is an essential  step  in recombinational
repair,  as  it  exposes  3′ single-stranded  DNA  (ssDNA)  tails  for interaction  with  a repair  template.  In mitosis,
Exo1  and  Sgs1  have  a conserved  function  in  the  formation  of  long  ssDNA  tails,  whereas  this  step  in the
processing  of  programmed  meiotic  DSBs  is  less  well-characterized  across  model  organisms.  In budding
yeast,  which  has  been  most  intensely  studied  in  this  respect,  Exo1  is  a  major  meiotic  nuclease.  In addition,
it  exerts  a nuclease-independent  function  later  in  meiosis  in the  conversion  of DNA  joint  molecules  into
ZMM-dependent  crossovers.  In order  to  gain  insight  into  the diverse  meiotic  roles  of  Exo1,  we  investigated
the  effect  of Exo1  deletion  in  the  ciliated  protist  Tetrahymena.  We  found  that  Exo1  together  with  Mre11,
but  without  the  help  of  Sgs1,  promotes  meiotic  DSB  end  resection.  Resection  is completely  eliminated
only  if  both  Mre11  and  Exo1  are  missing.  This  is  consistent  with  the yeast  model  where  Mre11  promotes
resection  in the  3′–5′ direction  and  Exo1  in the opposite  5′–3′ direction.  However,  while  the  endonuclease
activity  of  Mre11  is  essential  to create  an  entry  site for exonucleases  and  hence  to start  resection  in
budding  yeast,  Tetrahymena  Exo1  is able  to  create  single-stranded  DNA  in the  absence  of Mre11.  Excluding
a  possible  contribution  of  the  Mre11  cofactor  Sae2  (Com1)  as  an  autonomous  endonuclease,  we conclude
that there  exists  another  unknown  nuclease  that  initiates  DSB  processing  in Tetrahymena. Consistent
with  the  absence  of the ZMM  crossover  pathway  in  Tetrahymena,  crossover  formation  is independent  of
Exo1.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
Crossing over is a central process in meiosis as it contributes to
he generation of novel combinations of genes along chromosomes
nd, even more importantly, is crucial for the separation of parental
hromosomes during the ﬁrst meiotic division. Crossover (CO)
ormation begins with programmed DNA double-strand breaks
DSBs) (see Ref. [1]). DSBs are processed to produce single-stranded
ss)DNA overhangs on either side of a break. These ssDNA ends can
nvade dsDNA for homology sampling and strand exchange. At the
ame time, ssDNA is required for activation of the ATR-mediated
NA damage checkpoint response and to discourage the potentially
eleterious joining of DNA ends by non-homologous end joining
2]. Identiﬁcation of homology between the invading strand and the
emplate results in formation of DNA joint molecules (JMs) that can
∗ Corresponding author. Fax: +43 1 4277 8 56210.
E-mail address: josef.loidl@univie.ac.at (J. Loidl).
1 Present address: Jasin laboratory, Memorial Sloan Kettering Cancer Center, New
ork, NY 10065, USA.
ttp://dx.doi.org/10.1016/j.dnarep.2015.08.005
568-7864/© 2015 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
be converted into non-CO or CO recombination products by distinct
DSB repair pathways (see Ref. [3]). There are different pathways
from JMs  to COs, and the predominant (class I) COs  are dependent
on the so-called ZMM  group of proteins, including the eponymous
Zip1-4, Msh4-5 and Mer3 (see Ref. [4]). They are interfering (i.e.,
mutually suppressive) and occur in the context of the synaptone-
mal  complex. Other COs (class II) are independent of ZMM  proteins
and are non-interfering [5]. Organisms differ with respect to the
predominant or exclusive use of these pathways (see Ref. [6,7]).
Most, if not all meiotic DSBs are generated by the transesterase
Spo11 in a topoisomerase-like reaction (see Ref. [1]). Following
break induction, the covalently bound Spo11 has to be removed to
provide access to the 5′-strand for further processing. In budding
and ﬁssion yeast meiosis, this step requires an endonucleolytic nick
induced by the Mre11 nuclease [8–11]. Mre11 forms a conserved
complex with Rad50 and Nbs1 (Xrs2 in budding yeast), and its nick-
ing activity is regulated by Sae2 (Com1) [12], which is also known
as Ctp1 in ﬁssion yeast and CtIP in vertebrates. Less is known about
the subsequent steps that lead to extensive resection and allow for
strand invasion. In the case of mitotic DSB repair, several proteins
have been shown to contribute to this step. In budding yeast and in
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Dmc1 localization to spread nuclei of the wild type and mutants. (A) Dmc1 is virtually absent in the elongated prophase nuclei of the mre11i  exo1 mutant. The foci in
the  non-meiotic somatic nuclei are caused by crossreaction of the antibody with Rad51, which does not localize to the elongated meiotic nuclei, as previously reported [25].
(B)  Magniﬁed details from the boxed areas in (A). (C) Numbers of Dmc1 foci. Signals that occupied the DAPI-stained area of the meiotic nucleus were counted as Dmc1 foci.
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ignals  in the chromatin-free (DAPI-negative) area of a cell that was  equal to the 
Mann–Whitney U test) are given.
ammals, Exo1 and Sgs1-Dna2 work redundantly to produce long
racts of ssDNA. In meiosis, so far, only Exo1 has been shown to play
 role in extensive resection (see Ref. [2]). According to the budding
east resection model, Exo1 can access the nick generated by Mre11
nd use its 5′–3′ exonucleolytic activity to resect the 5′ end. In addi-
ion, Mre11 itself, via its 3′–5′ exonuclease activity, extends the gap
n the opposite direction towards the break. Thus, Mre11′s endo-
nd exo-nucleolytic activity ensures the release of short Spo11-
ssociated oligonucleotides, and Exo1 catalyses the formation of
ong 3′ ssDNA ends [13]. In addition, Exo1 helps to transform JMs
nto class I COs independently of its nucleolytic activity [14,15].
The enzyme or enzymes which may  execute meiotic DSB end
esection in ﬁssion yeast are unknown. Fission yeast Exo1 is
equired for mismatch corrections formed during meiotic recom-
ination, but it has no signiﬁcant role in crossing over [16], which
ay  be due to the fact that in ﬁssion yeast class I COs are absent
17]. In mouse meiosis, where the class I pathway predominates,round due to unspeciﬁc precipitation of the antibody was  determined by counting
ccupied by the meiotic nucleus in this cell. Bars represent medians, and p-values
CO formation is strongly reduced in the absence of EXO1. How-
ever, the nuclease activity of mouse EXO1 is dispensable for meiosis
[18,19]. Conversely, studies in C. elegans suggest a direct role of
EXO-1 in promoting 5′ end resection but not crossing over [20,21].
This resection function likely acts in parallel with MRE-11 and its
cofactor COM-1 (Sae2) and, perhaps, another nuclease. Arabidopsis
possesses two  EXO1paralogs [22], and double mutants are fully fer-
tile (Karel Riha and Max  Rössler, pers. commun.), which suggests
that they play only a minor if any role in meiosis in this organism.
To gain understanding of the role of Exo1 in meiotic DSB pro-
cessing in a broad range of organisms, we studied the evolutionarily
distant ciliated protist Tetrahymena thermophila. Tetrahymena cells
possess two nuclei, a polyploid somatic nucleus and a diploid
(2n = 10) germline nucleus. Only the latter undergoes meiosis as
part of the facultative sexual cycle. A striking feature of Tetrahy-
mena meiosis is the immense elongation of the prophase nucleus
to about twice the length of the cell (Supplementary Fig. 1). This
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Fig. 2. Dmc1 focus intensity is reduced in exo1 and mre11.  (A) Representative nuclear spreads of the exo1 and mre11 mutants side-by-side with the wild type for
direct  comparison. Mutant mating pairs are both GFP-negative, whereas in wild-type pairs, one partner expresses GFP-tagged Rec8. Arrows point to nuclei. (B) The intensity
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longation is triggered by Spo11-dependent DSB formation [23].
ithin the elongated nucleus, chromosome arms are arranged
n parallel, with centromeres and telomeres assembled at oppo-
ite ends of the nucleus. This arrangement facilitates homologous
airing [24]. Thereafter, nuclei shorten and condensed bivalents
ppear (Supplementary Fig. 1), which then undergo meiotic divi-
ions. Close to 200 cytological foci of the recombination protein
mc1 are seen during the elongation stage [25]. The appearance of
hese Spo11-dependent foci together with the known preference
f Dmc1 for ssDNA binding [26] indicates that DSB end processing
akes place during the elongation stage. Dmc1 promotes precise
omologous pairing within the elongated nucleus and is essential arbitrary units. Bars indicate the median values, and p-values (Mann–Whitney U
for interhomolog recombination [25]. Therefore, it is believed that
Dmc1-mediated interhomolog strand invasion occurs during this
stage. Recombinational repair of DSBs as deﬁned by BrdU incor-
poration occurs only when the nucleus exits the elongation stage
[24]. The transformation of JMs  into COs seems to follow a modiﬁed
Mus81-dependent (class II) pathway, similar to the ﬁssion yeast
[7,27].
We previously found that Mre11 and Sae2 (Com1) are required
for meiotic DSB repair in Tetrahymena [28]. Here, we report
that Exo1 together with Mre11 promotes DSB end resection, and
that DSB end resection may  work in a manner similar to the
140 A. Lukaszewicz et al. / DNA Repair 35 (2015) 137–143
Fig. 3. DSBs are repaired in exo1,  and the mre11 phenotype is epistatic to exo1. (A) Meiotic time course of DSB formation. DSB-generated fragments migrate as a distinct
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cand  during our standard PFGE run (see Section 2). In the wild type, this band app
re11  results in the persistence of the band [28]. In exo1,  DSBs are formed and re
orphology of Giemsa-stained diakinesis-metaphase I chromosomes. 5 bivalents ar
re  fragmented.
orresponding process in the budding yeast. However, some
otable differences do exist.
. Materials and methods
.1. Strain growth and induction of meiosis
Tetrahymena cells undergo meiosis when starved cells of dif-
erent mating types pair. Cells were cultured at 30 ◦C according to
tandard methods (reviewed by [29]), and they were made com-
etent for mating by starvation in 10 mM Tris–Cl (pH 7.4) for at
east 16 h. Meiosis was induced by mixing starved cultures of B2086
mating type II—Ref. [30]) and Cu428 (mating type VII) wild type
r derivative mutant strains at equal densities (∼2 × 105 cells/ml).
.2. EXO1 gene knockout
A homolog of budding yeast, ﬁssion yeast and mouse EXO1
s listed in the Tetrahymena Genome Database (http://ciliate.org/
. A knockout cassette carrying ∼500 bp sequences ﬂanking the
XO1open reading frame (ORF) and a selectable NEO4 resistance
arker was constructed by a compound polymerase chain reaction
PCR)-based approach [31] using primers listed in Supplemen-
ary Table 1. It was introduced into Tetrahymena cells by biolistic
ombardment [32], and transformants were selected by growth in
edia containing increasing concentrations of paromomycin [33].
uccessful deletion was conﬁrmed by PCR (Supplementary Fig. 2A).
The construction of spo11,  mre11 and sae2 (formerly called
om1) knockout strains was reported previously [28,31].t 2–3 h after induction of meiosis and disappears by 6 h. The DSB repair defect of
d. In contrast, the mre11i exo1 double mutant displays the mre11 phenotype. (B)
 in the wild type and exo1,  whereas in mre11 and mre11i exo1,  chromosomes
2.3. MRE11 gene knockdown by RNA interference (RNAi)
To create MRE11 RNA interference constructs, a ∼500 bp frag-
ment of the corresponding ORF was ampliﬁed from genomic
DNA using PCR primers (for primer sequences see Supplemen-
tary Table S1) to add appropriate restriction sites for cloning
into the RNAi hairpin (hp) vector pREC8hpCYH [34]. This vector
contains the Cd2+-inducible MTT1 metallothionein promoter and
the homologous sequence to the native RPL29 gene, which pro-
vides cycloheximide resistance. The hp construct was introduced
into starved cells by biolistic transformation. Transformants were
selected initially in media containing 10 g/ml cycloheximide, and
then were transferred to increasingly higher concentrations, up to
30–40 g/ml. To create mre11i  exo1, mre11i sae2 and mre11i
spo11 strains, the exo1,  sae2 and spo11 knockout strains
were transformed with the MRE11 RNAi construct. Expression of
hairpin RNA was  induced by the addition of CdCl2 to cells during
the last 3 h of premeiotic growth and throughout the starvation
period [34]. The efﬁciency of MRE11 knockdown was veriﬁed by
crossing both knockdown parents to mre11 knockout strains. In
all cases, a mre11-null phenotype was  observed (for details see Sup-
plementary Fig. 2B). To create the sgs1i mre11 strain, a SGS1 RNAi
construct was  introduced into the mre11 mutant background as
described above. Both sgs1i mre11 parents were crossed to sgs1i
strains, and in all cases, the Sgs1 depletion phenotype was observed
as reported previously for SGS1 RNAi [27] (Supplementary Fig. 2B).
2.4. Cytological preparation, immunostaining, and ﬂuorescence
in situ hybridization (FISH)
For Giemsa staining, cells were ﬁxed in Schaudinn’s ﬁxative
and prepared by the method of [35]. Slides were stained in 4%
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iemsa solution, air-dried, and mounted with Euparal (for details,
ee Ref. [7]). A formaldehyde ﬁxation and detergent permeabi-
ization treatment for the removal of free nuclear proteins [28]
as used for subsequent immunostaining of Dmc1. For the detec-
ion of Dmc1 and GFP-tagged Rec8, slides were incubated with
ouse monoclonal antibody against the related DNA repair pro-
eins Dmc1/Rad51 (1:50, Clone 51RAD01, NeoMarkers, Fremont,
A) and rabbit anti-GFP (1:100, Molecular Probes, Eugene, OR), and
ppropriate ﬂuorescence-labelled secondary antibodies. For FISH,
ells were ﬁxed with methanol/chloroform/acetic acid (6:3:2). Sev-
ral drops of a ﬁxed cell suspension were applied to a clean
lide and air-dried [7]. A sequence from an intercalary chromo-
omal region, scaffold scf 8254686 (http://ciliate.org), was  used
s a hybridization probe [36]. The DNA on slides and the Cy3-
abeled probe were denatured and hybridized for 36–48 h at
7 ◦C [37]. FISH and immunostained slides were mounted in an
ntifading medium supplemented with DAPI (4′,6-diamidino-2-
henylindole) and inspected under a ﬂuorescence microscope with
he appropriate ﬁlters.
Dmc1 focus intensity was calculated using ImageJ (Wayne Ras-
and, N.I.H.; http://rsb.info.nih.gov/ij/). The area of an individual
ocus was marked and the mean grey value was measured. This
umber was multiplied by the size of the area. This gives the sum
f the grey values of the pixels across the area of the focus. For
irect comparison of Dmc1 foci intensities between the wild type
nd mutants, mating cultures of the wild type and the mutant were
ixed prior to ﬁxation and spread on the same slide. To distinguish
ild-type from mutant mating pairs, one of the wild-type mating
artners carries Rec8-GFP.
.5. Pulsed-ﬁeld gel electrophoresis (PFGE)
For PFGE, genomic DNA was isolated from efﬁciently mating
ultures in agarose plugs using disposable plug molds and treated
ith RNase. The PFGE run was performed in 1% agarose with 0.5×
BE buffer at 6 V/cm, 14 ◦C for 14 h with 60-s pulses, 10 h with 90-s
ulses, and 1 h with 120-s pulses. DNA was blotted onto a nylon
embrane by alkaline transfer, and a radioactively labeled probe
as applied to detect DSB-dependent DNA fragments [28]. This
robe is a germline-limited repetitive sequence [28]. Membranes
ere reprobed with a sequence from a 306-kb somatic minichro-
osome, which serves as a control for the amount of DNA loaded
nd blotted [27]. Intensities of DSB-generated bands and marker
ands were measured using the ‘Analyze’ tool of ImageJ. Signal
ntensities were normalized to the respective loading control inten-
ities and reﬂect relative DSB abundancies.
. Results and discussion
.1. Knockout of Tetrahymena’s  EXO1 homologue does not affect
ertility
Exo1 is a conserved multipurpose protein with various enzy-
atic and non-enzymatic roles in many aspects of DNA metabolism
rom yeasts to humans (see Refs. [14,19]). In budding yeast meio-
is, its exonucleolytic activity contributes to extensive DSB end
esection, and later it collaborates with the MutL complex in CO
ormation [38,39].
Tetrahymena ORF TTHERM 01179960 encodes an Exo1 homo-
ogue (http://ciliate.org/), and its peak transcriptional expression
our hours after induction of mating corresponds with meiotic
rophase [40]. We  knocked out the gene to study its function(s) in
his evolutionarily distant eukaryote. We  found that exo1 strains
isplayed normal vegetative growth, suggesting that Exo1 is not
ssential under unchallenged growth conditions. Next, we per-air 35 (2015) 137–143 141
formed exo1 matings and tested the viability of sexual progeny
(for viability testing see Ref. [41]). It was  not reduced compared to
the wild type (64.5% in exo1 vs. 62.1% in the wild type; n = 124
matings, each).
3.2. DSB end resectioning is abolished if both Exo1 and Mre11 are
absent
We have previously shown that the meiosis-speciﬁc strand
exchange protein Dmc1 forms DSB-dependent foci in spread mei-
otic nuclei [25], which indicate single-stranded DSB ends. Here, we
monitored the formation of Dmc1 foci in exo1 and found that
their number was  only slightly reduced compared to the wild type
(Fig. 1). Next, we determined the brightness of Dmc1 foci. For direct
comparison, we scored wild-type and exo1 mating pairs side-
by-side on slides, whereby wild-type couples were identiﬁed by
GFP-tagged Rec8 (Fig. 2A) The intensity of individual Dmc1 foci was
determined as the sum of the grey values of the pixels across the
area of the focus (see Section 2). Intensities in exo1 were reduced
to about one third of those measured in wild-type cells (Fig. 2B).
Due to the decreased brightness of foci in the mutant, some may
be below the threshold of detection. Therefore, it is possible that
the number of foci is similar, but their lower intensity suggests that
shorter ssDNA tracks are formed at DSB sites in the absence of Exo1.
We  have previously reported that Dmc1 localization to chro-
matin is diminished in the mre11 mutant [28]. Here, we
conﬁrmed that their number is indeed substantially decreased
(Fig. 1B), and we  found that signal intensities are weaker than in the
wild type, but stronger than in the exo1 mutant (Fig. 2). This sug-
gests that both Exo1 and Mre11 contribute to DSB end resectioning
and that 3′ ssDNA tails formed in mre11 are longer than in exo1.
Also in budding yeast meiosis, 5′ end degradation results from the
combined exonuclease activities of Mre11 and Exo1 (see Section
1). In order to test the budding yeast resection model, we depleted
Mre11 in the exo1 knockout background by using RNA interference,
and created a mre11i  exo1 double mutant (see Section 2 and Sup-
plementary Fig. 2B). Indeed, we found Dmc1 loading to be virtually
eliminated in the absence of both Mre11 and Exo1 (Fig. 1). This
strongly suggests that DSB end resection was abolished.
Since in yeast and vertebrate vegetative cells, Sgs1/BLM helicase
has been shown to contribute to extensive DSB resection [42–44],
we examined whether Sgs1 depletion has an impact on 3′-ssDNA
end formation in Tetrahymena meiosis. Dmc1 loading was only
slightly decreased in sgs1i, and in the sgs1i mre11 double mutant,
the number of Dmc1 foci was  similar to the mre11 single mutant
(Fig. 1) (for details of mutant strain generation see Section 2 and
Supplementary Fig. 2B). Therefore, meiotic DSB resection appears
to be largely independent of Sgs1, which parallels the dispensability
of this helicase for meiotic DSB resection in budding yeast [15].
Importantly, Tetrahymena Mre11 is required speciﬁcally for the
processing of Spo11-induced DSBs, as the mre11i  spo11  mutant is
not defective in the processing of -radiation-induced DSBs (Sup-
plementary Fig. 3). Altogether, we  found that Mre11 and Exo1, but
not Sgs1, contribute independently to meiotic DSB resectioning,
which supports the bidirectional resectioning model that has been
proposed for yeast [13].
3.3. Mre11 is not essential for the initiation of DSB processing
Studies in Arabidopsis, budding and ﬁssion yeast have shown
that Mre11 is absolutely indispensable for the processing of Spo11-
induced DSBs [8–11,45]. This is due to the endonucleolytic activity
of Mre11, which is required for the initial cut of the 5′ strand and
thus Spo11 removal (see Section 1). However, in the Tetrahymena
mre11 mutant, Dmc1 localization to chromatin is diminished but
142 A. Lukaszewicz et al. / DNA Repair 35 (2015) 137–143
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ere  evaluated for each genotype. Values are means of 4 counts and standard devia
ot abolished (see above). Thus, Mre11 is not essential for initiating
esection in Tetrahymena.
Since in the absence of Mre11 the number of Dmc1 foci is
educed to approximately half that of the wild type (Fig. 1B), we
uspect that Spo11 is removed only from a subset of DSB ends.
he Spo11-free ends could be further resected by Exo1 to produce
xtensive 3′—overhangs. This could explain why in the absence of
re11 we observe fewer but more intense Dmc1 foci than in the
bsence of Exo1. Also, longer 3′-ends might support pairing more
fﬁciently than the shorter ends formed in exo1.  On the other
and, the Spo11-blocked ends would remain unprocessed, which
ould prevent repair and cause the fragmentation phenotype at
iakinesis-metaphase I [28], Fig. 3).
The role of Sae2 as a cofactor for the Mre11 endonuclease activ-
ty has been documented both in mitosis and meiosis [8–12,46]. On
he other hand, it has been claimed that members of the Sae2/CtIP
amily themselves possess endonuclease activity [47,48]. We have
reviously noted that Sae2 is required for meiotic DSB repair in
etrahymena [28]. Here, we show that in the sae2 mutant, the
umber of Dmc1 foci is reduced to the same level as in the mre11
utant and that in a mre11i  sae2 double mutant it is not fur-
her reduced (Fig. 1). This shows that Mre11 and Sae2 operate in
he same pathway. While Exo1 is responsible for the generation of
s-DNA tails in the mre11 mutant background, probably via its
ecognized resectioning of the 5′-end of a nicked strand [13,49],
t is unlikely to initiate the processing of Spo11-induced DSBs.
hile Exo1 is rather versatile [50,51], and an additional endonucle-
lytic activity for the poorly conserved Tetrahymena Exo1 cannot
e excluded, we consider the possibility that in Tetrahymena there
s an unknown nuclease that can produce the initial nick.
.4. The deletion of EXO1 does not notably affect DSB repair and
ivalent formation
If DSB end processing is impaired, recombinational DSB repair
ight be less efﬁcient. To test repair efﬁciency, we  applied a
FGE-based assay for the detection of DSB-dependent chromosome
ragments [28]. We  found that Exo1-depleted cells repaired meiotic
SBs similarly to wild-type cells (Fig. 3A). Thus, although resection
ength is likely reduced in exo1,  this mutant succeeds in repair-
ng DSBs. This is different from the mre11 and the mre11i  exo1
ouble mutant, which accumulate unrepaired DSBs (Fig. 3A). This
ay  be due to the failure of mre11 to initiate resection in a subset
f DSB-ﬂanking tracts (see below).
In Tetrahymena, as in other organisms [52], precise pairing of
omologous loci requires strand invasion [36]. The depletion of single FISH signal indicates paired homologous loci. 50 elongated prophase nuclei
 are denoted. p-values (Studentı´s t- test) are given.
Exo1 resulted in a marked reduction in homologous pairing (Fig. 4).
This might suggest that short 3′-overhangs are less efﬁcient in
interhomolog strand invasion. On the other hand, pairing was  sub-
stantially higher in mre11 than in exo1,  although mre11 fails
to repair meiotic DSBs. As expected, the loss of both Exo1 and Mre11
caused a dramatic reduction of pairing (Fig. 4).
Next we  studied if reduced DSB end resectioning affects
diakinesis-metaphase I bivalent formation. Cytological inspection
revealed the formation of condensed bivalents in the exo1 mutant
(Fig. 3B). Thus, despite reduced homologous pairing, COs and biva-
lents are formed normally. This is consistent with the observation
in budding yeast that even with nuclease dead Exo1, resection was
sufﬁcient to allow wild-type interhomolog recombination [15].
Studies in budding yeast and mouse revealed that Exo1 has
an exonuclease-independent meiotic function in the maturation
of JMs  to COs. It acts together with the Mlh1-Mlh3 endonucle-
ase complex, which is believed to resolve JMs  as class I COs in the
ZMM-dependent pathway [15,18,53]. In Tetrahymena, knockout of
Mlh1 or Mlh3 homologs does not affect meiosis, and CO formation
depends on the class II CO resolving complex, Mus81-Mms4 [7,27].
Accordingly, our results show that Exo1 has no role in JM processing
in Tetrahymena.
Although reduced DSB end resection in exo1 does not pre-
clude strand exchange and crossing over, chromosome fragments
of unknown origin appeared at anaphase I and II (Supplementary
Fig. 4). Therefore, it is still possible that a few DSBs escape repair,
but this defect is manifested only after cohesion release during mei-
otic divisions. Whatever the nature of these fragments is, they do
not notably reduce the production of gametic nuclei and sexual
progeny (for explanation see Supplementary Fig. 4).
4. Conclusions
Our results indicate that both Exo1 and Mre11 nucleases con-
tribute independently to meiotic DSB end resection, and that Exo1
is likely a major resection enzyme. This suggests that the model of
bidirectional resection starting at an initial nick, proposed for yeast,
may  apply for the evolutionary distant Tetrahymena and hence pre-
sumably for a wide range of organisms. However, unlike in budding
yeast, Mre11 is very unlikely to provide the sole endonuclease
activity required for the initial nick.Acknowledgments
We are grateful to Shaun Peterson for critically reading the
manuscript and insightful comments. This work was  supported by
NA Rep
g
(
A
i
0
R
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
stable juxtaposition during meiosis in budding yeast, Genes Dev. 19 (2005)A. Lukaszewicz et al. / D
rants P23802-B20 and W1238-B20 from the Austrian Science Fund
FWF).
ppendix A. Supplementary data
Supplementary data associated with this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.dnarep.2015.
8.005.
eferences
[1] S. Keeney, Spo11 and the formation of DNA double-strand breaks in meiosis,
in: D.-H. Lankenau, R. Egel (Eds.), Recombination and Meiosis,
Springer-Verlag, Berlin, Heidelberg, 2007, pp. 81–123.
[2] E.P. Mimitou, L.S. Symington, DNA end resection-unraveling the tail, DNA
Repair 10 (2011) 344–348.
[3] J.R. Chapman, M.R.G. Taylor, S.J. Boulton, Playing the end game: DNA
double-strand break repair pathway choice, Mol. Cell 47 (2012) 497–510.
[4] A. Lynn, R. Soucek, V. Börner, ZMM  proteins during meiosis: crossover artists
at  work, Chromosome Res. 15 (2007) 591–605.
[5] N.M. Hollingsworth, S.J. Brill, The Mus81 solution to resolution: generating
meiotic crossovers without Holliday junctions, Genes Dev. 18 (2004) 117–125.
[6] K.P. Kohl, J. Sekelsky, Meiotic and mitotic recombination in meiosis, Genetics
194 (2013) 327–334.
[7] A. Shodhan, A. Lukaszewicz, M.  Novatchkova, J. Loidl, Msh4 and Msh5
function in SC-independent chiasma formation during the streamlined
meiosis of Tetrahymena, Genetics 198 (2014) 983–993.
[8] N. Milman, E. Higuchi, G.R. Smith, Meiotic double-strand break repair requires
two nucleases, MRN  and Ctp1, to produce a single size-class of Rec12
(Spo11)-oligonucleotides, Mol. Cell. Biol. 29 (2009) 5998–6005.
[9] M.J. Neale, J. Pan, S. Keeney, Endonucleolytic processing of covalent
protein-linked DNA double-strand breaks, Nature 436 (2005) 1053–1057.
10] M.  Rothenberg, J. Kohli, K. Ludin, Ctp1 and the MRN-complex are required for
endonucleolytic Rec12 removal with release of a single class of
oligonucleotides in ﬁssion yeast, PLoS Genet. 5 (2009) e1000722.
11] E. Hartsuiker, K. Mizuno, M.  Molnar, J. Kohli, K. Ohta, A.M. Carr, Ctp1CtIP and
the  Rad32Mre11 nuclease activity are required for Rec12Spo11 removal but
Rec12Spo11 removal is dispensable for other MRN-dependent meiotic
functions, Mol. Cell. Biol. 29 (2009) 1671–1681.
12] E. Cannavo, P. Cejka, Sae2 promotes dsDNA endonuclease activity within
Mre11-Rad50-Xrs2 to resect DNA breaks, Nature 514 (2014) 122–125.
13] V. Garcia, S.E.L. Phelps, S. Gray, M.J. Neale, Bidirectional resection of DNA
double-strand breaks by Mre11 and Exo1, Nature 479 (2011) 241–244.
14] N. Hunter, Double duty for Exo1 during meiotic recombination, Cell Cycle 10
(2011) 2607–2609.
15] K. Zakharyevich, Y.M. Ma,  S.M. Tang, P.Y.H. Hwang, S. Boiteux, N. Hunter,
Temporally and biochemically distinct activities of Exo1 during meiosis:
double-strand break resection and resolution of double Holliday junctions,
Mol. Cell 40 (2010) 1001–1015.
16] P. Szankasi, G.R. Smith, A role for exonuclease I from S. pombe in mutation
avoidance and mismatch correction, Science 267 (1995) 1166–1169.
17] G.R. Smith, M.N. Boddy, P. Shanahan, P. Russell, Fission yeast Mus81. Eme1
Holliday junction resolvase is required for meiotic crossing over but not for
gene conversion, Genetics 165 (2003) 2289–2293.
18] R. Kan, X. Sun, N.K. Kolas, E. Avdievich, B. Kneitz, L. Edelmann, P.E. Cohen,
Comparative analysis of meiotic progression in female mice bearing
mutations in genes of the DNA mismatch repair pathway, Biol. Reprod. 78
(2008) 462–471.
19] S. Schaetzlein, R. Chahwan, E. Avdievich, S. Roa, K. Wei, R.L. Eoff, R.S. Sellers,
A.B. Clark, T.A. Kunkel, M.D. Scharff, W.  Edelmann, Mammalian Exo1 encodes
both structural and catalytic functions that play distinct roles in essential
biological processes, Proc. Natl. Acad. Sci. U. S. A. 110 (2013) E2470–E2479.
20] B.B.L.G. Lemmens, N.M. Johnson, M.  Tijsterman, COM-1 promotes homologous
recombination during Caenorhabditis elegans meiosis by antagonizing
Ku-mediated non-homologous end joining, PLoS Genet. 9 (2013) e1003276.
21] Y.Z. Yin, S. Smolikove, Impaired resection of meiotic double-strand breaks
channels repair to nonhomologous end joining in Caenorhabditis elegans, Mol.
Cell. Biol. 33 (2013) 2732–2747.
22] A. Kazda, B. Zellinger, M.  Rössler, E. Derboven, B. Kusenda, K. Riha,
Chromosome end protection by blunt-ended telomeres, Genes Dev. 26 (2012)
1703–1713.
23] K. Mochizuki, M.  Novatchkova, J. Loidl, DNA double-strand breaks but not
crossovers, are required for the reorganization of meiotic nuclei in
Tetrahymena, J. Cell Sci. 121 (2008) 2148–2158.
24] J. Loidl, A. Lukaszewicz, R.A. Howard-Till, T. Koestler, The Tetrahymena meiotic
chromosome bouquet is organized by centromeres and promotes
interhomolog recombination, J. Cell Sci. 125 (2012) 5873–5880.
25] R.A. Howard-Till, A. Lukaszewicz, J. Loidl, The recombinases Rad51 and Dmc1
play distinct roles in DNA break repair and recombination partner choice in
the  meiosis of Tetrahymena, PLoS Genet. 7 (2011) e1001359.
26] M.J. Neale, S. Keeney, Clarifying the mechanics of DNA strand exchange in
[air 35 (2015) 137–143 143
meiotic recombination, Nature 442 (2006) 153–158.
27] A. Lukaszewicz, R.A. Howard-Till, J. Loidl, Mus81 nuclease and Sgs1 helicase
are essential for meiotic recombination in a protist lacking a synaptonemal
complex, Nucleic Acids Res. 41 (2013) 9296–9309.
28] A. Lukaszewicz, R.A. Howard-Till, M.  Novatchkova, K. Mochizuki, J. Loidl,
MRE11 and COM1/S AE2 are required for double-strand break repair and
efﬁcient chromosome pairing during meiosis of the protist Tetrahymena,
Chromosoma 119 (2010) 505–518.
29] E. Orias, E.P. Hamilton, J.D. Orias, Tetrahymena as a laboratory organism: useful
strains, cell culture, and cell line maintenance, in: D.J. Asai, J.D. Forney (Eds.),
Tetrahymena thermophila, Academic Press, San Diego, 2000, pp. 189–211.
30] M.D. Cervantes, E.P. Hamilton, J. Xiong, M.J. Lawson, D. Yuan, M.  Hadjithomas,
W.  Miao, E. Orias, Selecting one of several mating types through gene
segment joining and deletion in Tetrahymena thermophila, PLoS Biol. 11
(2013) e1001518.
31] K. Mochizuki, High efﬁciency transformation of Tetrahymena using a
codon-optimized neomycin resistance gene, Gene 425 (2008) 79–83.
32] P. Bruns, D. Cassidy-Hanley, Biolistic transformation of macro- and
micronuclei, Methods Cell Biol. 62 (2000) 501–512.
33] D. Cassidy-Hanley, J. Bowen, J.H. Lee, E. Cole, L.A. VerPlank, J. Gaertig, M.A.
Gorovsky, P.J. Bruns, Germline and somatic transformation of mating
Tetrahymena thermophila by particle bombardment, Genetics 146 (1997)
135–147.
34] R.A. Howard-Till, A. Lukaszewicz, M.  Novatchkova, J. Loidl, A single cohesin
complex performs mitotic and meiotic functions in the protist Tetrahymena,
PLoS Genet. 9 (2013) e1003418.
35] P.J. Bruns, T.E.B. Brussard, Nullisomic Tetrahymena: eliminating germinal
chromosomes, Science 213 (1981) 549–551.
36] J. Loidl, K. Mochizuki, Tetrahymena meiotic nuclear reorganization is induced
by  a checkpoint kinase-dependent response to DNA damage, Mol. Biol. Cell 20
(2009) 2428–2437.
37] J. Loidl, H. Scherthan, Organization and pairing of meiotic chromosomes in the
ciliate Tetrahymena thermophila, J. Cell Sci. 117 (2004) 5791–5801.
38] R.E. Keelagher, V.E. Cotton, A.S.H. Goldman, R.H. Borts, Separable roles for
Exonuclease I in meiotic DNA double-strand break repair, DNA Repair 10
(2011) 126–137.
39] K. Zakharyevich, S. Tang, Y. Ma,  N. Hunter, Delineation of joint molecule
resolution pathways in meiosis identiﬁes a crossover-speciﬁc resolvase, Cell
149 (2012) 334–347.
40] W.  Miao, J. Xiong, J. Bowen, W.  Wang, Y. Liu, O. Braguinets, J. Grigull, R.E.
Pearlman, E. Orias, M.A. Gorovsky, Microarray analyses of gene expression
during the Tetrahymena thermophila life cycle, PLoS One  4 (2009) e4429.
41] K.M. Karrer, Tetrahymena genetics: two nuclei are better than one, in: D.J.
Asai, J.D. Forney (Eds.), Tetrahymena thermophila, Academic Press, San Diego,
2000, pp. 127–186.
42] S. Gravel, J.R. Chapman, C. Magill, S.P. Jackson, DNA helicases Sgs1 and BLM
promote DNA double-strand break resection, Genes Dev. 22 (2008)
2767–2772.
43] E.P. Mimitou, L.S. Symington, Sae2, Exo1 and Sgs1 collaborate in DNA
double-strand break processing, Nature 455 (2008) 770–774.
44] Z. Zhu, W.-H. Chung, E.Y. Shim, S.E. Lee, G. Ira, Sgs1 helicase and two
nucleases Dna2 and Exo1 resect DNA double-strand break ends, Cell 134
(2008) 981–994.
45] J. Puizina, J. Siroky, P. Mokros, D. Schweizer, K. Riha, Mre11 deﬁciency in
Arabidopsis is associated with chromosomal instability in somatic cells and
Spo11-dependent genome fragmentation during meiosis, Plant Cell 16 (2004)
1968–1978.
46] M.  Terasawa, T. Ogawa, Y. Tsukamoto, H. Ogawa, Sae2p phosphorylation is
crucial for cooperation with Mre11p for resection of DNA double-strand break
ends during meiotic recombination in Saccharomyces cerevisiae, Genes Genet.
Syst. 83 (2008) 209–217.
47] N. Makharashvili, A.T. Tubbs, S.-H. Yang, H. Wang, O. Barton, Y. Zhou, R.A.
Deshpande, J.H. Lee, M. Lobrich, B.P. Sleckman, X. Wu,  T.T. Paull, Catalytic and
noncatalytic roles of the CtIP endonuclease in double-strand break end
resection, Mol. Cell 54 (2014) 1022–1033.
48] H.L. Wang, Y.J. Li, L.N. Truong, L.D.Z. Shi, P.Y.H. Hwang, J. He,  J. Do, M.J. Cho,
H.Z. Li, A. Negrete, J. Shiloach, M.W.  Berns, B.H. Shen, L.C. Chen, X.H. Wu,  CtIP
maintains stability at common fragile sites and inverted repeats by end
resection-independent endonuclease activity, Mol. Cell 54 (2014) 1012–1021.
49] S.E. Peterson, Y. Li, F. Wu-Baer, B.T. Chait, R. Baer, H. Yan, M.E. Gottesman, J.
Gautier, Activation of DSB processing requires phosphorylation of CtIP by
ATR,  Mol. Cell 49 (2013) 657–667.
50] P.T. Tran, N. Erdeniz, L.S. Symington, R.M. Liskay, EXO1—a multi-tasking
eukaryotic nuclease, DNA Repair 3 (2004) 1549–1559.
51] B. Lee, L.H. Nguyen, D. Barsky, M.  Fernandes, D.M. Wilson III, Molecular
interactions of human Exo1 with DNA, Nucleic Acids Res. 30 (2002) 942–949.
52] T.L. Peoples-Holst, S.M. Burgess, Multiple branches of the meiotic
recombination pathway contribute independently to homolog pairing and863–874.
53] L. Ranjha, R. Anand, P. Cejka, The Saccharomyces cerevisiae Mlh1–Mlh3
heterodimer is an endonuclease that preferentially binds to Holliday
junctions, J. Biol. Chem. 289 (2014) 5674–5686.
